Background--Single-electrode ablation of the main renal artery for renal sympathetic denervation showed mixed blood pressure (BP)-lowering effects. Further improvement of the technique seems crucial to optimize effectiveness of the procedure. Because sympathetic nerve fibers are closer to the lumen in the distal part of the renal artery, treatment of the distal main artery and its branches has been shown to reduce variability in treatment effects in preclinical studies and a recent randomized trial. Whether this optimized technique improves clinical outcomes remains uncertain. We report a 2-center experience of main renal artery and combined main renal artery plus branches renal denervation in patients with resistant hypertension using a multielectrode catheter.
S
ingle-electrode ablation of the main renal artery for renal sympathetic denervation (RDN) showed mixed bloodpressure (BP)-lowering effects. [1] [2] [3] [4] [5] The neutral outcome of the Symplicity HTN-3 trial is part of an ongoing debate as many confounders such as unsatisfactory medication adherence, unfavorable patient selection, and limitations of procedural methods and techniques might have contributed to the results. 6 The last includes potential incomplete/insufficient ablation due to a low number of ablation points, especially as patients receiving more complete ablations showed an improved BP response following RDN. 6, 7 Consequently, further improvement of the technique and technology appears mandatory to optimize its effectiveness. Because the sympathetic nerve fibers are closer to the lumen in the distal part of the renal vessel, 8 ablation of the distal main artery and the side branches could pose a promising approach. This hypothesis has been supported by 2 recent animal studies, showing improved reduction of norepinephrine spillover after combined ablation of the main renal artery and its branches. 9, 10 Recent results from a smaller randomized trial suggest an additive effect of a combined ablation approach. 11 However, in the latter trial, presence of the 2 most important predictors for response to RDN, baseline BP 6, 7, 12, 13 and the presence of isolated systolic hypertension (ISH), 7, 13 was not well balanced between the groups. Also, data on overall safety of this revised technique are scarce. Therefore, we aimed to compare the efficacy and safety of a main renal artery ablation and a combined ablation of the main renal artery, side branches, and accessory arteries in a prospective cohort.
Methods Patient Selection and Follow-Up
Patients aged between 18 and 75 years were eligible if they were diagnosed with therapy-resistant hypertension, defined as mean daytime systolic BP ≥135 mm Hg or diastolic BP ≥90 mm Hg in 24-hour ambulatory blood pressure measurement (ABPM) despite the intake of at least 3 antihypertensive agents, including at least 1 diuretic, for at least 4 weeks before RDN. 14 Patients and treating physicians were asked to maintain the antihypertensive medication unchanged for a follow-up period of at least 3 months, if possible. Patient medication adherence was updated at follow-up visits, relying on information provided by the patients and general practitioners. Patients with a renal anatomy unsuitable for denervation were excluded. Patients were included into this analysis if treated with a combined ablation of the main renal artery and its branches after treatment practice has been adapted as a consequence of the aforementioned observations. The control group consisted of patients with the same inclusion and exclusion criteria who underwent ablation of the main renal artery only using the same device. Patients were matched by the presence of ISH and by age at the time of the procedure. An age difference of AE5 years between the matched patients was tolerated. All patients provided written informed consent. 
Renal Denervation
RDN was performed with a multielectrode radiofrequencybased catheter in both groups (Symplicity Spyral TM , Medtronic, Minneapolis, MN) according to a standardized protocol. Multiple ablation runs of 1 minute were delivered to each main renal artery from distal to proximal in both groups ( Figures 1A and 2A, 2B ). Additionally, all accessory arteries and side branches with an angiographic diameter of at least 3 mm were treated in the combined ablation group, beginning at the distal part of the vessel ( Figures 1B and 2C ). Lesions were placed outside the kidney's contours on fluoroscopy to prevent renal parenchyma damage. All patients received intravenous remifentanil or morphine for pain control. All procedures were performed by experienced interventional cardiologists.
Safety Assessment
Part of the combined ablation group underwent magnetic resonance imaging before RDN and after 3 months if possible to detect any preexisting or procedure-related renal artery alterations or stenosis. Repeated renal artery duplex sonography was applied in patients with contraindications for magnetic resonance imaging if possible. Serum creatinine and estimated glomerular filtration rates were assessed at baseline and after 3 months for both groups.
Definitions
Patients with a drop of ≥5 mm Hg in daytime average BP on ABPM after 3 months were defined as responders. 16 All other patients were considered nonresponders. ISH was defined as a 24-hour systolic BP >130 mm Hg and diastolic BP <80 mm Hg in ABPM following the latest recommendations of the European Society of Hypertension. 17 
Statistical Analysis
Categorical variables are expressed as number and percentage of patients. Continuous data are reported as means and standard deviation. A 2-tailed paired Student t test was used
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to compare continuous data, and chi-squared test was used for categorical variables. Normal distribution of data was verified by the Kolmogorov-Smirnov-test.
Results

Baseline Characteristics and Blood Pressure
Baseline characteristics, BP, and medication were comparable in both groups, except for a higher prescription rate of aldosterone antagonists and more patients on maximum tolerated dose of calcium channel antagonists in the combined ablation group (Tables 1 through 3) . After 3 months, BP changed significantly in the combined ablation group (systolic/diastolic 24-hour mean, and daytime mean BP À8.5AE9.8/À7.0AE10.7 mm Hg and À9.4AE9.8/ À7.1AE13.5 mm Hg, P<0.001/0.003 and <0.001/0.016, respectively, Figure 3 ), but not in patients with main artery treatment only (À3.5AE11.1/À2.0AE7.6 and À2.8AE10.9/ À1.8AE7.7 mm Hg, P=0.19/0.20 and 0.19/0.24, respectively, Figure 3 ). Systolic daytime BP was significantly more reduced in patients with combined ablation than in patients with main artery ablation, and diastolic and 24-hour BP tended to be lower in patients with combined ablation (P=0.090/0.033 and 0.060/0.090 for 24-hour/daytime systolic and diastolic BP).
Nocturnal BP dropped significantly in patients with combined ablation but was insignificantly reduced in patients with main artery ablation (À7.4AE15.6 and À5.5AE10.4 mm Hg versus À5.9AE18.5 and À4.0AE10.8 mm Hg for systolic and diastolic BP, P=0.027 and 0.014 versus 0.12 and 0.08), and the between-group comparison was not significant (P=0.75 and 0.60).
The responder rate (≥5 mm Hg daytime BP drop at 3 months) was numerically higher in the combined ablation group (72% versus 48%) but did not reach statistical significance (P=0.083). Antihypertensive medication was reduced in 3 patients in the combined ablation group and remained stable in the main artery ablation group.
Procedural Characteristics and Safety
The number of ablation points was significantly higher in the combined ablation group. The volume of contrast agent administered and fluoroscopy times were significantly higher in the combined ablation group (Table 4) . Fifteen patients in the combined ablation group underwent renal artery magnetic resonance angiogram at baseline and follow-up. The remaining 10 patients underwent renal artery duplex sonography instead. No renal artery stenosis was detected at 3 months either in the main artery or in the side branches or any accessory artery. Renal function measured by estimated glomerular filtration rate remained unchanged in both groups (Table 4) . No adverse events were observed in any of the groups. One patient in the combined ablation group had to reduce her antihypertensive medication because of symptomatic hypotension (dizziness) after the 3-month follow-up.
Discussion
We present data from a balanced cohort of patients with resistant hypertension undergoing a combined ablation approach of the main renal artery, its branches, and accessories. Our findings suggest that ablation of renal artery branches is feasible and safe. Moreover, our results show a significant reduction of BP 3 months after combined ablation in contrast to an insignificant change in the matched control group.
The lack of a significant BP reduction in patients undergoing main artery ablation only highlights that both groups represent severely hypertensive patients at an advanced stage of their disease and, importantly, a per se unfavorable pattern for RDN, with more than a third of the treated patients having ISH, an established predictor for poor BP response. 7, 13 Furthermore, ISH is associated with elevated arterial stiffness, 18 yet another predictor for poor treatment outcome after RDN. 19 Despite that, and against the odds, a significant BP reduction can be achieved using the combined ablation approach. This is especially encouraging, as responder rates in patients undergoing combined ablation also tended to be higher. Renal nerves are located closer to the lumen in the distal sections of the renal arteries and branches as compared with the main artery, 8 so it is plausible that limitation in penetration depth can be compensated with this strategy. Therefore, this might indicate a true improvement of procedural efficacy, resulting in a higher success rate as compared with main vessel ablation even in patients with an unfavorable profile at baseline. As the average number of ablation points was significantly higher in the combined ablation group, one could argue that the observed results may in part be explained by the higher overall number of ablations rather than by the location of lesion placement. However, recent preclinical studies were unable to prove a linear dose-response relationship with increasing numbers of ablations in the main renal artery but documented a superior effect by placement of lesions in the renal artery branches over lesion placement in the main artery. 9, 10 Our overall BP effects are below the results of a recently published randomized trial by Pekarskiy et al. 11 Compared with this trial, average baseline systolic BP on ABPM was lower in our trial cohort (153 mm Hg versus 170 mm Hg in the combined ablation groups), which is usually associated with a less pronounced BP drop following RDN. 6, 7, 12, 13 Further, as baseline systolic BP on ABPM was not well balanced between the randomized groups (170 mm Hg versus 158 mm Hg), it seems possible that the overall results of this trial, especially the enormous BP drop in the combined ablation group, can partly be explained by regression to mean. In contrast to this, our cohort is well balanced regarding these baseline characteristics. An expanded ablation of the renal arteries is associated with longer fluoroscopy time and higher use of contrast medium. Importantly, renal function remained stable following the procedure, and no new renal artery stenoses were detected. This is in line with the results of 2 recent trials investigating renal artery branch ablation, where no alterations in duplex sonographic renal blood flow 11 or catheterbased renal angiogram (J. Davies, MD, unpublished data, 20 Likely, a better patient selection, namely treating patients with less advanced hypertension, combined systolic/diastolic hypertension, and lower arterial stiffness, could improve the outcome after combined RDN of the main arteries and branches even more.
It is important to note that especially in patients with preexisting cardiovascular diseases, a reduction of systolic blood pressure is associated with a marked risk reduction. 21, 22 Frequently, these patients present with uncontrolled hypertension despite being under multiple-drug treatment. Thus, reducing blood pressure to target values is challenging, especially as insufficient adherence to antihypertensive medication is frequently occurring. 23 A reliable, reproducible, and effective interventional approach bares the hope to expend the to-date still very limited armory against uncontrolled hypertension. A combined ablation approach of the main renal artery, its branches and accessories might represent a first step toward such an interventional treatment for arterial hypertension.
Limitations
The sample size is limited; therefore, between-group changes reached only partial statistical significance. Therefore, our data should be interpreted as hypothesis-generating. Second, our data are nonrandomized and warrant confirmation in larger, prospective, randomized trials (eg, NCT02920034). Third, patients included herein had relatively advanced hypertension; thus, these results cannot be generalized to the overall hypertensive population.
Conclusions
Combined ablation of the renal artery and its branches seems to be safe and to improve BP reduction over main artery RDN. This is very encouraging, as it might help to overcome the lack of procedural reliability of this to-date considered standard approach of RDN. If these findings can be confirmed in larger cohorts, renal denervation may become a valuable treatment option for patients with uncontrolled hypertension.
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